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Abstract 

A quark model approach to the photoproduction of vector mesons off nucleons is 
proposed. Its starting point is an effective Lagrangian of the interaction between the 
vector meson and the quarks inside the baryon. This paper develops the formalism 
and highlights the dynamical roles of s-channel resonances. It is demonstrated that 
the proposed approach is ideal to support searching for the missing resonances in the 
vector meson photoproduction experiments proposed at TJNAF. 
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1. Introduction 

The newly established electron and photon facilities have made it possible to investigate the 
photoproduction of vector mesons, such as w and p, on the nucleon with much better energy 
and angular resolutions. Such experiments have already been carried out at ELSA[|^, and 
will be performed at TJNAF in the near future. The data from these measurements 
should be able to help us resolve the puzzle of the so-called "missing resonance "|^, A 
better understanding of the reaction mechanism is therefore crucial in order to extract 
resonance information from vector meson photoproduction observables. Historically, one 
of the attempts to understand p photoproduction in the reaction jp tt^tt^p has lead to 
the so-called "Soding Model"||5|, which explains low-energy p^ production mainly through 
t-channel exchange. Although the Soding Model has had some success in reproducing 
the data in certain kinematic regions it cannot be used to study the dynamical role of 
the s-channel resonances in vector meson photoproduction. A more systematic approach 
that includes the t-channel exchange terms along with the s- and u-channel resonances is 
needed to meet the challenge of new high precision data and serve the purpose of searching 
for "missing resonances". 

The constituent quark model approach has been shown to very successfully reproduce 
data in the area of pseudoscalar meson photoproduction HI with a minimal number of 
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free parameters since it introduces the quark degrees of freedom directly into the reaction 
mechanism. More importantly, it allows to study the internal structure of the contributing 
s-channel resonances directly in connection with the reaction mechanism. It is therefore 
natural to extend the quark model approach to vector meson photoproduction in the 
resonance region, the development of the formalism for that will be the focus of this 
paper. 

A major difference for vector meson production from the pseudoscalar meson case in 
the quark model is that the interaction between the vector mesons and the quarks inside 
the baryon is largely unknown. Although phenomenological models have been developed to 
evaluate baryon resonance decays into a nucleon and a vector meson, such as the quark pair 
creaction model Q or the ^Pq model, these approaches are unsuitable for the description 
of vector meson photoproductions. This is due to the fact that they only yield transition 
amplitudes for s-channel resonances, but contain no information on how to derive the 
non-resonant terms in the u- and t-channels. Therefore, we choose an effective Lagrangian 
here as our starting point that satisfies the fundamental symmetries and determines the 
transition amplitudes not only in the s-channel but also in the t- and u- channels. 

Even though the effective Lagrangians are different for pseudoscalar and vector meson 
photoproductions, the implementation follows the same guidelines. The transition ampli- 
tudes for each resonance in the s-channel below 2 GeV will be included explicitly, while 
the resonances above 2 GeV for a given quantum number n in the harmonic oscillator 
basis of the quark model are treated as degenerate, so that their transition amplitudes 
can be written in a compact form. Similarly, the excited resonances in the u-channel are 
assumed to be degenerate as well. Only the mass splitting between the spin 1/2 and spin 
3/2 resonances with n = in the harmonic oscillator basis, such as the splitting between 
nucleon and A resonance, is found to be significant, thus, the transition amplitudes for 
the spin 3/2 resonance with n = in the u-channel will be included separately. 

The effective Lagrangian employed here generates not only the s- and u-channel ex- 
changes but also a t-channel term containing the vector meson. For charged vector mesons 
gauge invariance also mandates a seagull term. An open question in this approach is 
whether additional t-channel contribution, such as the Pomeron exchange, responsible for 
the diffractive behavior in the small t region is needed. Previous studies in the pseu- 
doscalar sector suggest that additional t-channel exchanges were not required to describe 
the data. This could be understood via application of the duality hypothesis How- 
ever, whether it is applicable for vector meson photoproduction is not clear at present, 
this will be investigated further by comparing the numerical results of the model with 
experimental data. 

In Section 2, we briefly discuss some of the observables used in our approach, which 
have been developed extensively in Ref. |§] . The effective Lagrangian for the quark-meson 
interaction is presented in Section 3, along with detail expressions for the the s-, u- and t- 
channel contributions arising from this Lagrangian. Finally, conclusions will be presented 
in the Section 4. 



2 



2. Observables and Helicity Amplitudes 



Before presenting our quark model approach we introduce some general features of vector 
meson photoproduction on the nucleon. The basic amplitude T for 7 + >y + A^is 
defined as 

^= (qAyA2|r|kAAi), (1) 

where k and q are the momenta of the incoming photon and outgoing vector meson. 
The helicity states are denoted by A = ±1 for the incident photon, Ay = 0, ±1 for the 
outgoing vector meson, and Ai = ±1/2, A2 = ±1/2 for the initial and final state nucleons, 
respectively. Following Ref. the amplitude T can be expressed as a 6 x 4 matrix in 
the helicity space, 
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Because of the parity conservation, 

(qAyA2|r|kAAi) = (-l)^/-^'(q - Ay - \2\T\k - A - Ai), (3) 

where Aj = A — Ai and Aj = Ay — A2 in the Jacob- Wick(JW) convention, the HaXyiO) in 
Eq.(|2|) reduces to 12 independent complex helicity amplitudes: 
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(4) 

Each experimental observable O can be written in the general bilinear helicity prod- 
uct(BHP) form, 

±-{H\r''u;'^\H) 



=^9 H^XyKb^XvXi^^bX'- 



(5) 



For example, the differential cross section operator is given by: 

^„=l,/3=l ^ ^^^^ 
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where the box frames denote the diagonal structure of the matrices. The F and u; matrices 
labeled by different a and /? correspond to different spin observables. With the phase space 
factor, the differential cross section has the expression, 

= {P.S.factor)r{9) 



= Iql2 2^ 1. l^aA.l (7) 

a=l Xy=0,±1 

in the center of mass frame, where ^/s is the total energy of the system, ^ and Mjy 
represent the masses of the outgoing meson and nucleon, and iv, uJm denote the energy of 
the photon and meson, respectively. 

These helicity amplitudes are usually related to the density matrix elements pik flC 
which are measured by the experiments [11 1. They are defined as: 
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where 



^= E -^Av,A2,AAi-H'L A2,AAi> (9) 



Xv- AA2 Ai 



where pik stands for pxy Xy , and Xy^, denote the helicity of the produced vector 



mesons. 



For example, the angular distribution for p^ decaying into vr+vr^ produced by linearly 
polarized photons can be expressed in terms of nine independent measurable spin-density 
matrix elements 

W{cose,^,<^>) = -^[-{l- Poo) + -(3/Ooo - l)cos'^0 - V2Rep%sin2ecos(l) 
Att 2 2 

—p\_isin'^9cos2cf) — PjCos2^{p\isin'^9 + p^qCos^O 
—V2Rep\Qsin26cos(j) — p\_isin'^0cos2(f)) 

—P^sin2(j){V2ImpiQsin29sin(f) + Imp\_isin^6sin2(f))\, (10) 

where is the degree of the linear polarization of the photon, $ is the angle of the 
photon electric polarization vector with respect to the production plane measured in the 
cm. system, and 9 and (j) are the polar and azimuthal angles of the vr"'' which is produced 
by the p^ decay in the p^ rest frame. 
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3. Quark Model Approach for Vector Meson Photoproduc- 
tion 



The starting point of the quark model approach is the effective Lagrangian, 



2,1)0' 



2mr, 



where the quark field -0 is expressed as 



and the meson field is a 303 matrix, 




(12) 
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73^ + Tl'^ 
P~ 

K* 



V2 



(13) 



in which the vector mesons are treated as point-like particles. At tree level, the transition 
matrix element based on the effective Lagrangian in Eq.(ll) can be written as the sum of 
contributions from the s-, u- and t- channels, 



Mfi = Ml, + Ml + M%, 

where the s- and u-channel contributions in Eq.([l^) have the following form, 

1 



(14) 



Ml, + M], 



Y,{Nf\H„.\N,){K 



^^Ei+uj-E. 
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Ei — OJra ~ Ej 



\Nj){Nj\Hrr^Ni), 



where the electromagnetic coupling vertex is 

He = -i^j^egA'^ip, 
and the quark-meson coupling vertex is 



H„ 



Mai, + %^)CV', 

ZlTLn 



(15) 



(16) 



(17) 



where ruq in is the quark mass and the constants a and b in Eq. ( 11 ) and (|T^ ) are the vector 
and tensor coupling constants, which will be treated as free parameters in our approach. 
The initial and final states of the nucleon are denoted by |iVj) and \Nf), respectively, and 
\Nj) is the intermediate resonance state while Ei and Ej are the energies of the inital 
nucleon and the intermediate resonance. 
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An important test of the transition matrix elements 

Mf^ = (A2I Ve''e:;|Ai), (18) 

would be gauge invar iance: 

(A2I J;..A:'^|Ai) = (A2I J;,.C|Ai) = 0, (19) 

where e^, e'^ are the polarization vectors of the vector mesons and photons. However, we 
find that the condition (A2I J^;/<?ml^i) = is not satisfied for the t-channel vector meson 
exchange term, 

M% = a{Nf\ J2 7T^{29 ■e^-em-l-qe-em + k-en.j- eje^C'-^)-'-' |iV,), (20) 

based on the Feynman rules for the photon-vector meson coupling, and the relation 

(iV/|7-(<?-A:)e*(''-'i>'-'|iV,) = 0. (21) 
To remedy this problem, we add a gauge fixing term, so that 

M% = a{Nf\ 7^2{g .e^-em-l-qe-e^ + k-eml- e}e*(''-'i>'-' |A^.). (22) 
I ^^'^ 

The techniques of deriving the transition amplitudes have been developed for Compton 
scattering [|l3[. Follow the same procedure as given in Eq.(14) of Ref. |^, we can divide 
the photon interaction into two parts and the contributions from the s- and u- channel 
can be rewritten as: 

M;+" = i{Nf\[g,,Hrn]m 

+ii^Y.^Nj\H^\N,){N,\ J K\Ni) 

^ Ld — iLi^ 

3 i ' 3 

+iLO J2{Nf\he 1 Nj) {Nj \Hmm, (23) 

where 

5e = Ee«rree^''"S (24) 
I 

K = Y.eirre{l-cx • k)e*'^-^' (25) 

k=-. (26) 

The first term in Eq.(p3) can be identified gull term; it is proportional to the 

charge of the outgoing vector meson. The second and third term in Eq.(p3|) represents the 
s- and u-channel contributions. Adopting the same strategy as in the pseudoscalar case, 
we include a complete set of helicity amplitudes for each of the s-channel resonances below 
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2GeV in the SU{6) (8) 0(3) symmetry limit. The resonances above 2GeV are treated as 
degenerate in order to express each contribution from all resonances with quantum number 
n in a compact form. The contributions from the resonances with the largest spin for a 
given quantum number n were found to be the most important as the energy increases [^. 
This corresponds to spin J = n + 1/2 with 1 = 1/2 for the reactions K*A and 

jN ujN, and J = n + 3/2 with 7 = 3/2 for the reactions 'jN ^ K*J: and 7iV pN. 

Similar to the pseudoscalar case, the contributions from the u-channel resonances are 
divided into two parts as well. The first part contains the resonances with the quantum 
number n = 0, which include the spin 1/2 states, such as the A, T, and the nucleons, and 
the spin 3/2 resonances, such as the S* in K* photoproduction and A(1232) resonance 
in p photoproduction. Because the mass splitting between the spin 1/2 and spin 3/2 
resonances for n = is significant, they have to be treated separately. The transition 
amplitudes for these u-channel resonances will also be written in terms of the helicity 
amplitudes. The second part comes from the excited resonances with quantum number 
n > 1. As the contributions from the u-channel resonances are not sensitive to the precise 
mass positions, they can be treated as degenerate as well, so that the contributions from 
these resonances can again be written in a compact form. 



3.1. The seagull term 

The transition amplitude is divided into the transverse and longitudinal amplitudes ac- 
cording to the polarization of the outgoing vector mesons. The longitudinal polarization 
vector for a vector meson with mass p and momentum q is, 

(27) 




where ojm = \/q^ + /^^ is the energy of the outgoing vector mesons. Thus, the longitudinal 
interaction at the quark-meson vertex can be written as 

= ^L'^M = ^0-^0 - £3-^3 (28) 

where ea corresponds to the direction of the momentum q. The transition amplitudes of 
the s- and u-channel for the longitudinal quark-meson coupling become, 

M;+"(L) = ^{Nf\[g,,Hf^]m 

-iu;{Nf\[he,-Jom) 
13 

+iu;Y^{Nf\{eo - ^es)Jom{N,\ J- h,\N,) 
+iu;J2{Nj\h,- \Nj){Nj\ieo-^e3)Jom,) (29) 

where the first two terms are seagull terms which are cancelled by similar terms in the 
t-channel. The corresponding expressions for the t-channel amplitudes are given in the 
appendix; the last two terms will be discussed in the following sections. 
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The nonrelativistic expansion of the transverse meson quark interaction vertex gives, 
Hi = T.i^T-'' r (q X e + aA • e „ + -^p^ • e Me-'^ ''^ (30) 

^ ZUlq ^l-^q 



where b' = b — a and 



al{s)ai{u) 

a]{s)ai{d) 

al{d)ai{u) for p+ (31) 
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for 
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The vector A has the general form, 



^ Ef + Mf^Ei + Mi' ^^^^ 

which comes from the center-mass motion of the quark system. In the s- and u-channel, 
A has the foUowing expression for different channels, 

s — channel : A = — — — — , (33) 

u — channel : A = — (— -— + — -— )k— — rr-q. (34) 

^Ef + Mf Ei + Mi^ Ef + Mf ^ ' 

The transverse transition amplitude for the s- and u-channel is, 

+iujY,{Nf\Hl\N,){N^\ J Km 

Ei+LO — Ej 

+iuJ2{Nf\he- ^ -\Nj){N,\Hlm (35) 



The nonrelativistic expansion of the first term gives, 

hi 



^seagull^^ = -i(?,^ae„{<7, (iV/ 1 { A • e „, R • e }|iV,; 



-^""^^^eTH + 2^>" • ^ " ^ )|iV.)}e-^ (36) 

where {A, B} = AB + BA is the anti-commutation operator. R is the coordinate of the 
center mass motion of the three quark system and q^, denote the internal momentum 
and coordinate of the Ith quark. 

The seagull terms in the transverse transitions are proportional to the charge of the 
outgoing mesons and, therefore, vanish in neutral vector meson photoproduction. 
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3.2. U-channel transition amplitudes 

The last term in Eq.(p9|) is the longitudinal transition amplitude in the u-channel. We 
find 

M%{L) = i^Y^iNflK- ^m{N,\-^Jom 



3 



^3 



= {M^ + M^)e~^^ (37) 
in the harmonic oscillator basis, where 

which corresponds to incoming photons and outgoing vector mesons being absorbed and 
emitted by the same quark, and 

(39) 

in which the incoming photons and outgoing vector mesons are absorbed and emitted by 
different quarks. Pj in Eq.(p8|) and Eq.(|39|) denotes the four momentum of the final state 
nucleon. The function F in Eq.(|3^) and Eq.(^9|) is defined as. 



= E 7 nfl (40) 

{n-l)\{y + n5M^) 

where nSM'^ = (M^ — M|)/2 represents the average mass difference between the ground 
state and excited states with the total excitation quantum number n in the harmonic 
oscillator basis. The parameter in the above equation is commonly used in the quark 
model and is related to the harmonic oscillator strength. 

Similarly, the transverse transition in the u-channel is given by, 

M^T) = iu;J2{Nf\h,- \Nj){Nj\Hl\N,) 



3 



3 



{M^ + M^)e~^^ (41) 



where 



M3753 = 4^K(^ X k) • (q X e ,) • (e X k) X (q X 6 ,)}f\^,P} ■ k) 

a .(e xk)A. e,F^{^,Pf.k) 



2mg Sa^ 
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, ia , , , , ih'uj , , 

■ xk)e„-k+- 5-<T • (q x e ^ e -q 



+9vir^^ • qA • e ^ - c/^- e • e i^^,Pf ■ k) 



au> . au> 1 r^i / k • q 



and 



M2V52 = xk).(qX6,) 

+ig'aCT • (e X k) X (q X e • k) 



6a2 

cr .(e xk)A-e,F^(-^,P/-A;) 



^« _ /_ ,, ,.x * _ rnO/ k-q 



2mq 60^ 
, ia , , , , , , 

-5.^^ • qA • 6 . - 5.^6 . e (-^, Pf ■ k) 

, acu n , k • q , , , 

The ^-factors in Eq.(|3^)-(|43|) are defined as 

{Nf\Y,i,a j\Ni)=gA{Nf\a |iV,), (44) 
j 

g^ = {Nf\J2ejIja]m/gA, (45) 
j 

g^ = {Nf\Y,eji,a'^\Ni)/gA, (46) 

g, = {Nf\J2e,I,m/g^,gA, (47) 
i 

= A-mT.^^^j'^ ^ ■ j-i^^)' (48) 



5; = -^{Nf\J2i,e,icT , X ^ (49) 

The numerical values of these (/-factors have been derived in Ref. in the SU{6) 0(3) 
symmetry limit; they are listed in Table 1 for completeness. 

The first terms of Eq.(^) and Eg .(^31) correspond to the correlation between the mag- 
netic transition and the cm. motion of the meson transition operator and they contribute 
to the leading Born term in the u-channel. The second terms are due to correlations 
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between the internal and cm. motion of the photon and meson transition operators, and 
they only contribute to the ground and n > 1 excited states in the harmonic oscillator 
basis. The last terms in both equations represent the correlation of the internal motion 
between the photon and meson transition operators, which only contribute to transitions 
between the ground and n > 2 excited states. 

As pointed out before, the mass splitting between the ground state spin 1/2 and 
spin 3/2 is significant, the transition amplitudes for A resonance in p production or S* 
resonance in K* production have to be computed separately. The transition amplitude 
with n = corresponding to the correlation of magnitic transitions is, 

-i{S3 + 929> ■ (k X 6 ) X (q X 6 „)}. (50) 
The amplitude for spin 1/2 intermediate states in the total n = amplitudes is, 

{Nf\he\N{J = 1/2)){N{J = l/2)\Hmm 

= 2;^ P,-fe + ^MV2 ^^^"^^-^^"^-^ 

+ia • (k X e ) X (q X e ^)} (51) 

where fiN the magnetic moment, which has the following values for different processes. 



MA + ff^MAS for 7iV ^ K*A 

'"s^ + ff^'"^^ 7A^^^*S (52) 



fiNf for 'jN — ^ pNf 



Thus, we obtain the spin 3/2 resonance contribution to the transition amplitude by 
subtracting the spin 1/2 intermediate state contributions from the total tt, = amplitudes 
as follows: 



= -^, Prk+~my2 ^^^^^^^ + + /x^](k x e ) • (q x 6 ,) 

+i[{93 + 929'a)/^rng + • [(k x e ) x (q x e „)]}. (53) 

Substituting the ^(-factor coefficients into the above equation gives the following general 
expression for spin 3/2 resonance with n = 0, 

M« = Mfg^e-"^ ■ (q x e > • (k x e ) 

+ia • [(q X e ^) X (k X e )]} (54) 
where the value of gg is given in Table 1. 
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Note that the transition amphtudes here are generally written as operators that are 
similar to the CGLN amplitudes in pseudoscalar meson photoproduction. They have to 
be transformed into the helicity amplitudes defined in Eq.(|^. In Tables 2 and 3, we show 
the relations between the operators presented here and the helicity amplitudes; they are 
generally related by the Wigner d-function. 



3.3 S-channel transition amplitudes 

The third term in Eq.(^) and second term in Eq.(|35|) are the s-channel longitudinal 
and transverse transition amplitudes. Following the derivation for Compton scattering in 



Ref. [13 1, we obtain the general transition amplitude for excited states in the s-channel 



where ^/s = Ei+oj = Ef + u>m is the total energy of the system, and H^^^ are the helicity 
amplitudes defined above. r(q) in Eq. |5^ denotes the total width of the resonance, which 
is a function of the final state momentum q. For a resonance decaying into a two-body 
final state with relative angular momentum /, the decay width r(q) is given by: 




r(q)=r«^^..(S) (56) 



with 



and 



NI^^ '-i;^'' -M?. (58) 

where Xi is the branching ratio of the resonance decaying into a meson with mass Mj 
and a nucleon, and Tr is the total decay width of the resonance with the mass Mr. The 
function -D/(q) in Eq. 5(:, called fission barrier is wavefunction dependent and has 



the following form in the harmonic oscillator basis: 

I 

3a2 



DiicO = exp i --^ ] , (59) 



which is independent of I. In principle, the branching ratio Xi should also be evaluated in 
the quark model. 

For a given intermediate resonance state with spin J, the four independent helicity 
amplitudes h'^x^ in Eq. (^) are a combination of the meson and photon helicity amplitudes 
together with the Wigner-d functions 
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where hf = Xy — A2, Aj = A — Ai and k • q = |k| |q|cos(0). 

The -^12 ^3/2 ill Eq.(|60[) represent the heUcity ampUtudes in the s-channel for 
the photon interactions; their exphcit expressions have been given in Ref. p^ . 

More exphcitly, the 12 independent hehcity ampUtudes are related to the photon he- 

hcity ampUtudes AX , Al and vector meson heUcity ampUtudes SY , AX and AY through 

22 222 
the foUowing relations 



for a = 1, and Ay = 1, 0, — 1 



for a = 2, and Ay = 1, 0, — 1 



hi^ = d{s{d)AXAl, 

2 ' 2 22 

hio = d\ ,{e)S\Al, 

2 ' 2 2 2 

H-1 = di,^{e)AY,Al (61) 

2'2 2 2 



hi^ = d{^{e)AXA\, 

2 ' 2 2 2 

hio = dil i{e)sXiAi, 

2 ' 2 2 2 

hLi = di, ,{e)AX;A\ (62) 

2'2 2 2 



Hi = di,{e)AXAl, 

2 ' 2 2 2 

hio = dU{e)sXAi, 

2 ' 2 2 2 

^^-1 = d\-s{e)AX,Al (63) 



for a = 3, and Ay = 1, 0, —1, and 



2 ' 2 



/iii = di,{e)AXA\, 

2 ' 2 22 

= d{,{e)sXA\, 

2 ' 2 2 2 



K-i = d\,{9)AXrAl (64) 



2 ' 2 



for a = 4, and Ay = 1, 0, —1. 

The amplitudes with negative helicities in the above equations are not independent 
from those with positive one; they are related by an additional phase factor according to 
the Wigner-Eckart theorem, 

AXx = {-lYf-'^^--^^AX (65) 

where Jj and Jj are the final nucleon and initial resonance spins, and Jy is the angular 
momentum of the vector meson. The angular distributions of the helicity amplitudes in 
terms of the multipole transitions have been discussed in Ref. [|^, the expressions here 
are consistent with their analysis. 
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The evaluation of the vector meson hehcity ampUtudes are similar to that of the photon 
amplitudes. The transition operator for a resonance decaying into a vector meson and a 
nucleon is, 

Hi = Ei^^*^ ' • ^ " ^) + • ^ 4^/e~^''"' , (66) 

for transverse transitions and 

Hl = ZT.^i^~'''"'' (67) 

iqi I 

for longitudinal transitions. Thus, and H^^ have the group structure, 

"(3) + ^'^(S) 



Hl = i3iAL7,,+BaZ,), (68) 



and 

Hi = isS, (69) 

where 

A = -^{^f\p^e-^^-^^\^n), (70) 



m, 



B = ^H{'>Pf\e-'^-^^\^I^R), (71) 

S = -^-Q{^f\e-'^-'-^\i,R). (72) 

where = Px — Wy In Eq. (|68|) , and o"^^ denote orbital and spin flip operators. The 
helicity amplitudes AX , AX and SY are the matrix elements of Eq. ( |68[ ) and Eq. (B^) . We 

2 2 2 

list the angular momentum and flavor parts of AX , AY and SY for uj and p photoproduction 

2 2 2 

in Tables 4-6 in the SU{6) 0(3) limit with A, B and S in the second row to denote the 
corresponding spatial integrals, which are given in Table 7. 

The resonances with n > 3 are treated as degenerate since there is little information 
available about them. Their longitudinal transition in the s-channel is given by: 



where 



Kxy-a = (MI(L) + M|(L))e-^ (73) 



and 



|q| Imq n\ ba'^ 
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The ^(-factors in Eq.(|7^) and (^) have been defined previously, and 

9l = {Nf\Yl Ije,a^m/gA = e^ + (76) 
j 

where Cm is the charge of the outgoing vector meson. 

The transverse transition amphtudes at the quark level are: 



hi.^^, = (M|(r) + M|(r))e-^ (77) 



where 



Mi{T)/gl = -^{5,(qx6„)-(6 X k) + • (q X e „) X (e x k)}l(|-J)" 

, ia , , , , ih'io , , 

au) 1 k • q 

, 1 ,k • q,„ 9 , 



and 

^l(^)/52 = 4^K(q X e .) • (6 X k) + i<7> • (q X e ,) X (e x k)}l(^^)" 
^n2m/"'*' ^n-1)!^ 6a2 ^ 

, / aw 1 -k-q _2 , ^ 

+^^72;^^ " • • ^(^73^^-6^) • ^^'^ 

Qualitatively, we find that the resonances with larger partial waves have larger decay 
widths into the vector meson and nucleon though this is not as explicit as in the pseu- 
doscalar case [|,|0|. Thus, we could use the mass and decay width of the high spin states, 
such as Gi7(2190) for n = 3 states and f/'i9(2220) for n = 4 states in the u photopro- 
duction. The relation between these operators and the helicity amplitudes ha\y has been 
given in Table 2 and 3. 



4. Discussion and conclusion 

In this paper we have developed the framework and formalism for the description on 
vector meson photoproduction in the constituent quark model. The use of an effective 
Lagrangian allows gauge invariance to be satisfied straightforwardly. The advantage of 
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using the quark model approach is that the number of free parameters is greatly reduced 
in comparison to hadronic models that introduce each resonance as a new independent 
field with unknown coupling constants. In our approach, there are only three parameters 
in the SU{6) 0{3) symmetry limit, the coupling constants a and b which determine the 
coupling strengths of the vector meson to the quark, and the harmonic oscillator strength 



a2. 



One significant approximation inherent in the presented approach is the treatment of 
the vector mesons as point particles, thus, the effects due to the finite size of the vector 
mesons that were important in the ^Pq model are neglected here. A possible way that 
may partly compensate this problem is adjusting the parameter a^, the harmonic oscillator 
strength. In general, the question of how to include the finite size of vector mesons while 
maintaining gauge invariance is very complicated and has not yet been resolved. 

While this approach should give a qualitative description of vector meson photoproduc- 
tion, a precise quantitative agreement with the data cannot be expected, as configuration 
mixing effects for the resonances in the second and third resonance region are known to be 
very important. Such effects could be investigated in our approach by inserting a mixing 
parameter Cr in front of the transition amplitudes for the s-channel resonances, as was 
done in Ref. |20|. Yet even without new parameters the present approach should be able 
to answer basic questions such as the need for an additional pomeron or other t-channel 
exchanges in light of the duality argument. We believe that the model presented here 
provides a systematic method to investigate the resonance behavior in the vector meson 
production for the first time. It therefore can assist in answering lingering quetions about 
the existence of the "missing resonances". The numerical implementation of this approach 
for p and lo photoproduction is in progress and will be published elsewhere. 

The authors acknowledge useful discussions with B. Saghai, F. Tabakin, P. Cole and 
F.J. Klein. This work is supported in part by Chinese Education Commission and Peking 
University, and the US-DOE grant no. DE-FG02-95-ER40907. 



Appendix 

The matrix element for the nucleon pole term of transverse excitations in the s-channel is, 

, M^ve ujaeN b ^, . , 

= p . iai ^ e , • e - g^^xjvT— e . x q • e x k 

Fn ■ k hf + Mf Irriq 

+ia • (e ^ X q) X (e x k)]}, (80) 
while the one for the u-channel is, 

+ia • ((e X k) X (e „ X q))]} 

Cf€ 6a^ — Q Oj b 

+ p I. i F q • e k • e ^ + igA- (t • (e „ x q)q • e }. (81) 

Pf ■ k E]sf + Mat zniq 
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The matrix element for the nucleon pole term of the longitudinal excitations in the 
s-channel is, 



M^(L) = -gl-f--^,,^a- ■ (e x k)e-^, (82) 
|q| I^N ■ K 

while the one for the u-channel is, 

M]^(L)=5*(^-i-{-e/q-e +iMf^fa • (e x k)}e-4^, (83) 
|q| • K 

where the g^-f actor gl has the following form, 

9l = {Nf\Y,ijm. (84) 
j 

The t-channel matrix element for the transverse transition is, 

M.(T) = + + 

i , 
+9A-;: — o- • (k X q)e • e „ 



+gA-;: — cr ■ ((k - q) x e ^)q • e 

zniq 

i (k-q)^ 

+5A2^o- • ((k-q) X e )k-e ^}e ~5^, (85) 
and for the longitudinal transition is, 
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Table 1: The g(-factors in the u-channel amphtudes in Eqs. 
42 and ^ for different production processes. 
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3 
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1 





1 
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3 


7n - 
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3 
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3 





-1 





1 





3 


IP - 


/9+n 


1 

3 


1 

3 


3 
5 


1 

5 


9 
5 


5 
3 


2^71 

5 


1 


7n - 




2 
3 


1 

3 


3 
5 


1 
5 


9 
5 


5 
3 


15 


1 


IP - 


/>V 


7 
15 


8 
15 


15 
7 


2 





5 

3^2 


15 


1 

V2 


7n - 




2 

15 


2 

15 


6 


-7 





5 

3^2 


5 


1 
V2 



Table 2: The operators in the longitudinal excitations expressed 
in terms of the helicity amplitudes, k and q are the unit vectors 
of k and q, respectively. Other components of Ha\y are zero. 
The d functions have the rotation angle 6. 



Operators 


Hio{\2 = 1/2) 
i?3o(A2 = -1/2) 


F2o(A2 = 1/2) 
i^4o(A2 = -1/2) 


q- e 




i 


CT • (e X k) 


i^/2dl. 





CT • (e X q) 


idi^d'^^ 

+iV24o^l;,, 


i 

-id\,dl^^ 
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Table 3: The operators in the transverse excitations expressed in terms of the 
helicity amplitudes, k and q are the unit vectors of k and q, respectively. 
The d functions have the rotation angle 6. Ay = ±1 denote the helicities 
of the mesons, and the vector Z is defined as Z = (e x k) x (e ^ x q). 



Operators 




^2A^(A2 = l/2) 




^^3Av(^2 = -1/2) 


^^4A^(A2 = -1/2) 


(e X k) • (e ^ X q) 


i 


1 

-^vd\,^di^^ 


cr Z 


_L 

^ 1 

-iV2Xvdl^^dl^^ 


i 

2A2 


a ■ (e X kjk ■ e 


I 





cr • (e „ X q)q • e 


I 

iV2Xvd\odl^^dl^^ 

1 ^ 


i 

zV2Ay4oC^-lAv'^-lA2 

1 ^ 






+*^V'aio«OAv"iA2 


6 ^ • € 


i 


i 

'^lV'^iA2 


q • e k • e ^ 


i 


i 


tr • (e X q)k ■ e „ 


iV^dl^dl^^dl^^ 
1 ^ 








1 

— idi0'^0Av^iA2 


a • (e „ X k)q • e 


-iV2d\,dl,^^dl^^ 
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a • (e „ X e ) 


-iV2dl^^dl^^^ 

1 ^ 








1 

*^W^|a2 


(T • (k X q)e • e y 


^^/2dilorf}A.rf|A, 
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Table 4: The agular momentum and flavor parts of the helicity amplitudes 
for 7p ujp, or jn ton, in the SU{6) (8) 0(3) symmetry limit. They are 
the coefficients of the spatial integrals A, B and S in Eq.(|68|) and (|69|). 
The analytic expressions for A, B and S in Table 4-6 are given in Table 7. 
The "* " in Table 4-6 denotes those states decoupling in spin and flavor space, 
thus, their amplitudes are zero. 



States 
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Pi 

V 5 


1 /? 
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* 
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3 


* 
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2 
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* 


* 
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1 
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nr 
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1 
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-\fi 


2 
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Table 5: The angular momentum and flavor parts of the helicity amplitudes 
for 7p p^p in the SU{6) 0(3) symmetry limit, while those 
for 7n — p°n are given by A{'yn p^n) = {—\y'^^/'^A{'^p P^p), where 
/ is the isospin of the resonances. 



States 






Al/2 
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S 
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N 
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N 
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N 

A 
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2 
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2 
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1 
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]_ 
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]^ 
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* 

* 
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2 
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1 
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1 
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5 

3a/30 

2 
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2_ 
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3 V 35 
5_ 
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9 
2 
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9 
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9 
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1 
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1 
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Table 6: The angular momentum and flavor parts of the helicity amplitudes 
for 7p — > p+n in the SU{6) 0(3) symmetry limit, while those 
for 7n — >■ p~p are given by A('yn p~p) = {—iy^^/'^A{'^p P^n), where 
/ is the isospin of the resonances. 
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Tabic 7: The spatial integrals in the harmonic oscillator basis. 
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